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Abstract The "reverse" tetracycline repressor (rtR) 
bmds a specific DNA element, the tetracycline operator 
(tetO), only in the presence of tetracycline, or derivatives 
snch as doxycycline (dox). Fusion of rtR to the tran- 
scriptional activation domain of herpes virus protein 
VP16 produces a eukaryotic transactivator protein 
(rtTA). rtTA has previously been shown to allow dox- 
dependent transcription of transgenes linked to tetO 
sequences in mammals. To adapt this system to Droso- 
philay the ylcfmJC promoter was used to drive consti- 
tutive expression of rtTA in transgenic flies. Three 
reporter constructs, each encoding £. coU p-galactosi- 
dase (P-gal), were also introduced into transgenic flies. 
In one reporter seven tetO sequences were fmed to the 
Adh core promoter. The other two reporter constructs 
contain seven tetO sequences fused to the hsplO core 
promoter. Feeding of transgenic Drosophila containing 
the rtTA construct and any one of the three reporter 
constructs with dox caused up to 100-fold induction of 
P-gal. Dox induced P-gal expression in all tissues, in 
larvae and in young and senescent adults. Induction of 
P-gal in adults had no detectable effect on life span. 
These results suggest the potential usefulness of this 
system for testing specific genes for effects on Drosophila 
development and aging. 
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Inducible 



IntrodncticHi 

Inducible gene expression systems have long been an 
important tool in analyzing the function of specific genes 
in bacteria, yeasts, and Drosophila. In Drosophila^ in- 
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ducible transgenic systems usually rely wholly or in part 
on the use of a heat shock protein (hsp) gene promoter, 
which is transcriptionally induced in response to heat 
stress (Lis et al. 1983). While hsp gene promoters have 
been used to great advantage in many experiments, the 
system has several important linwUtions. First, the heat 
stress required for induction can have pleio tropic effects, 
including devclopihental abnormalities (phenocopies) 
(Lindquist 1986) and reduced fertility and viability. This 
is a problem particularly in experiments designed to 
study the aging process, since life span will be dramati- 
cally affected by changes in fertility and viability (Tower 
1996). Another situation where the use of a hcat-in- 
ducible promoter is problematic is the analysis of the 
heat shock proteins themselves. It is not possible to in- 
duce expression of a single hsp and study its effects, 
without the complication of inducing the entire en- 
dogenous repertoire of hsps. This problem has been 
overcome in certain experiments by using the metal- 
lothionein promoter (Petersen and Lindquist 1988; Sol- 
omon et al. 1991), which is inducible by heavy metal 
ions. However, the metallothionein promoter functions 
only in specific gut cells in transgenic Drosophila (Otto 
et al. 1987), thus limiting its potential usefulness. There- 
fore, there is a need for an alternative inducible gene 
expression system in Drosophila. 

In the last five years, efficient inducible gene expres- 
sion systems have been developed for mammalian sys- 
tems based on the E, coli tetracycline repressor (telR) 
(Gossen and Bujard 1992; Furth et al. 1994). The tetR 
binds to its target sequence, the tetracycline operator 
(tetO) only in the absence of the antibiotic tetracycline. 
The first system developed for mammals was the "tet- 
off ' system (Gossen and Bujard 1992; Furth et al. 1994; 
Shockett et al. 1995). tetR protein was fused with the 
transcriptional activation domain of herpes virus tran- 
scription factor VP16. In the absence of tetracycline this 
protein binds to tetO sequences placed within the pro- 
moter of a gene of interest, thereby driving transcription. 
Addition of tetracycline then prevents binding and stops 
transcription ("tet-off'*)- A "tet-on" system was created 
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by generating a mutant tetR:VPl6 fusion protein, which 
had the reverse property of only binding to the tetO and 
activating transcription in the presence of teiracychne 
("tet-on'O (Gossan et al. 1995; Kistner et al. 1996). We 
report here the successful adaptation of the "tet-on" 
system to transgenic Drosophila, 



Nlateriab and methods 

Plasmid constructions 

Plasmid rtTA (rcversc-tetracycline Trans Activator) was con- 
str^icted by first inserting the 85Q-bp Himm-Xbal fragment from 
pCaSpeR-AUG/&-gal (Thumiiiel et al. \m\ conUimng the SV40 
splice and poIy(A) signals, into the Hmdlll (partial nKtnciion di- 
restion) and Xba\ sites of the polylinker of the pCaSpeR4 inu^ 
formaUon vector CThuramel and Pirotta 1992), to generate plasmid 
CSV Plasmid pUHD172-lneo (Gosscn et al. 1995) was digested 
with fcoRI, endfilled with T4 polymerase, then digested with 
Banim, to liberate a l-kb fragment contaimng the rcvcr^-teti^ 
cydinc trins-aclivator coding sequence. Plasmid cSV was digested 
with Spel, endfilled with T4 polymerase, then digested with ^omHl, 
and the l-kb fragment from pUHDm-lneo was inserted, to 
generate the plasmid cTSV. DNA sequencing of cTSV revealed 
that it had resulted from an unexpected ligation cvenr. the £coRl 
site from the inserted fragment was conserved in this cloning step, 
and the I-kb fragment was actually inserted into the Bamni site, 
without any change in the Spel site. The ActmSC promoter was 
inserted into plasmid cTSV in several steps. First, plasmid D237 
(also called "Act5e>Draf+ > nuc-lacZ"; Struhl and Basler 1993) 
was digested with Noth endfilled with T4 polymerase, then digested 
with Kpnl and the resultant 4.3.kb fragment containing the Ac- 
tmSC promoter was inserted into the KpnyEcoKV sites of pBlue- 
Script li KS (Stratagcne), to generate pAc The 4.3-kb ActmjC 
promoter fragment was liberated from pAc by restriction digesUon 
with Kpnl and EcoKh and inserted into the AjOTl/fcoRI sites of 
cTSV to generate the plasmid cATSV. DNA sequencing revealed 
that Uic ActinSC promoter in plasnud cATSV was in the wrong 
orientation relative to the reverse-tetracyclinc transaclivator coding 
region. To correct this, the ActinSC promoter region was liberated 
by digestion with EcoKl, and then re-inserted into the same £caRI 
site. DNA sequencing was used to identify a construct with the 
ActinSC promoter in the correct orientation, which was then 
narhed plasmid rtTA. 

The seven tandem repeats of the letO region m plasmid 
DIJHC13-3 (Gossen et al. 1995) were amplified by PGR using the 
primers: S^TCGACTGCAGCrTTCGTCTTCAAGAATrCCTC- 
GAG-3' and S'-AGCTTCTAGATACACGCCTACTCGACCC- 
GGGTACCGAG-3'. The 367-bp PCR product was digested with 
Pstl and Xbal al the sites engineered into the primers, and then 
inserted into the Pstl/Xbal sites of pBlueScript II, to generate 
plasmid pTT. 

Plasmid TTAdh was constructed as follows. Plasmid pAdh/P- 
gal (Irvine et al. 1991; Koefle el al. 1991) was parliaUy digested with 
£coRI, and then completely digested with Pstl to liberate a 4,8-kb 
fragment containing the Adh basal promoter region (positions -33 

+53)^ the ui^x 5' leader sequences fused to ZocZ, and the SV40 
splice and poly(A) signals. This fragment was cloned into the Pstl/ 
EcoU sites of the pCaSpeR4 polylinker, to generate plasmid 
pCaSpeR-Adh/p-gal, The 359-bp Pstl-Xbal fragment from plasmid 
p7T, containing the hcplameric letO region, was then inserted into 
the 'PstllXbdl sites of pCaSpeR-Adh/^gal, to generate plasmid 
'TTAdh. 

Plasnud 7T40 was constructed as follows. Construct cVOZ (Si- 
mon and Lis 1987) was digested with HmdlU and jEcoRI to liberate 
a fragment containing the hsp70 promoter fused to E. coli lacZ, 
This Hin<iU\'EcoY(A fragment was cloned mto the //i>idIII/£coRI 
sites of plasmid pBS2N to generate plasmid pBS2N'. Plasmid 
pBS2N is pBlueScript U KS + (Stratagene) in which the unique 



Kpnl site has been converted to a Notl site (a gift of L.R. Bell 
University of Southern CaUfomia). Construct c70Z was also di- 
gested with EcoRi alone to liberate an £caRl fragment containing 
the hsp70 poly(A) signal sequences, and diis fragment was doncd 
into the unique EcoKl site of plasmid pBS2N' to generate pbsraid 
pBSiN" Plasmid pBS2N'' was digested with ffwdUI and Apah . 
treated with cxonuclease III and with nuclease St, and then Kgated. 
The resultant plasmid was calkd o40Z, and DNA scquaxang re. 
vealcd a 5' hsp70 promoter deletion to position -40 relauvc to tte^ 
start site of transcription. Plasmid c40Z is one of a scnes olhsp70 5 
promote dcktions which wiU be described in detail cbewheic (J. C. 

Wheeler and J. Tower, unpublished data). Plasmid c40Z was di- 
gested with Net} to liberate a 3.7-kb fiagmcnt containing thecntue 
5'A-40 hsp70:lacZ fiiaon gene, and this fragment was doned mto 
the Notl site of p7T, to generate plasmid p7T4(>.prc. A ^^f^!^ 
contaming the seven tetO repeats and the entire 5'A-40 hsp70:lMZ 
ftision gene was liberated from p7t4<V-prc by digestion vnm Xhol 
and Speh then inserted into the XholfSpel sites in the polyhnker of 
pC:aSpeR4, to generate plasmid 7140. ^ . * c « 

Plasmid 7TAUG was constructed as follows. A 4.6-kb Sail 
fragment from pCaSpeR-AUG/p-gal (Thmmnel et al. V988), con- 
taining the Adh translation initiation sequence fused to ZocZ ami 
the SV40 splice and poly(A) agnals. was doned into the 5afl site of 
pBlueScript 11 KS, to generate plasimd pAUG. A Pstl 
from plasmid 7T40, containing the seven tetO repeats and the hsp70 
promoter from to +S6, was inserted mto the Fstl site of 
pAUG, to generate plasmid p7TAUG. A fragment eontauMng the 
seven tetO repeats and the entire hsp70:lacZ fusion gene was Ub- 
eratcd from pTTAUG by digestion with Xhot, and inserted mto the 
Xhol site of pCaSpeR4, to generate plasmid 7TAUG. 



Drosophila culture 

Fly stocks were maintained on conameal/agar meditim (Ashbumer 
1989). To obtain adult flies of defined ages, stocks were cultured at 
25** C until 0-2 days post-eclosion, and then males only were 
transferred to 25** C or 29* C as indicated in Figure legends. These 
males were maintained at < 50 per vial and transferred to fresh, 
vials every 2-4 days. Double transgenic adult males were obtained 
by crossing males of a transactivalor stock (rtTA) to virgins of the 
reporter stocks (TTAdh, 7T40, and 7TAUG). Transgenic flies were 
generated by standard methods (Rubin and Spradhng 1982), using 
the w"^' recipient strain. 



Doxy cy dine treatments 

Young flies (5-7 days post-eclosion) and old flics (28-32 days post- 
eclosion) were treated with the tetracyclme derivative doxycycline 
hydrochloride (dox) (Sigma) by feeding. The indicated concentra- 
tion of dox, in 20 mM Tris (pH 7.5) containing 10% sucrose, was 
soaked into a single Kim-Wipe (Kimberly-Clark), in an empty 
Drosophila culture vial. After feeding with dox for the specified 
time, the flies were returned to comnacal/agar food viab, and 
allowed to recover as indicated. For treatment of larvae, the 
commeal/agar medium was supplemented with dox to a final 
concentration of 0.25 mg/ml, prior to seeding of the culture. 



Speclrophotomctric assay of p-galactoadase activity 

p-Galactosidase (^gal) activity was quantitated in whole fly ex- 
tracts using published procedures (SiiiK>n and Lis 1987). Assays 
were performed under conditions in which the reaction was linear 
with regard to the amount of extract. Data are presented as the 
average + /- the standard deviation for triplicate assays. Protein 
concentration of extracts was deleimiBed using the Bradford re- 
agent (BioRad). The w'"* strain was used to generate all transgenic 
lines, and no P-gal activity was detectable in extracts of the 
strain using the spcctrophotomeiric assay. 
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In siiu sitaining for P-galaaosidase activity 

p-galactosidase expression was visualized in dissected flics, larvae, 
and cryostat sections using published procedures (Simon ci al. 
1985). 



Resolls 



Basic components of the system 



To achieve tetracycline-inducible induction of trans- 
genes in all tissues it is necessary that the reverse tetra- 
cycline transactivator (rtTA) be expressed in all tissues. 
The itTA is a fusion of the reverse tetracycline receptor 
(rtR), which binds to DNA only in the presence of tet- 
racycline, with the transcriptional activation domain of 
herpes virus transcription factor VP 16. In construct 
rtTA, the constitutive DrosophUa ActinSC promoter was 
used to drive expression of the rtTA coding region. This 
construct also contains the SV40 poly(A) signal se- 
quence (Rg. lA). To test the system, three reporter 
constructs were generated, each encoding £. coii P-gal. 
The constructs differed in the source of the core pro- 
moter, 5' UTR, and polyadenylation signal sequences in 
order to maximize the chances of generating a construct 
which could yield high-level transgenic protein expres- 
sion in DrosophUa. In the first reporter construct 
(TTAdh) seven tetO sequences are fused to the Adh core 
promoter, followed by the Ubx 5' untranslated region, 
the E. coll lacZ coding region, and the SV40 poly(A) 
signal (Fig. IB). A regulatory element composed of 
seven tetO sequences was chosen because this element 
was previously shown to function in transgenic mice 
(Kistner et al. 1996). In the second reporter (7T40), the 
seven tetO sequences are fused to the hsplO core pro- 
moter, and hspTO S' untranslated region, followed by the 
E. coU lacZ coding sequences and the hsplO poly(A) 
signal (Fig. IC). In the third construct (7TAUG), the 
seven tetO sequences are fused to the hsp70 core pro- 
moter, followed by the Adh 5' untranslated region, the 
lacZ coding region, and the SV40 poly(A) signal 
(Fig. ID), Multiple independent transgenic lines were 
generated for each construct. Each line is homozygous 
for the transgenic construct, and is designated by the 
name of the construct followed by the chromosome in 
which the construct is inserted (in parenthesis), followed 
by a letter/number combination for each independent 
transgenic line. For example, line 7TAdh(2)A2 is 
transgenic line nmnber A2 and has the 7TAdh construct 
inserted on the second chromosome- 
Flies were then generated which contained both the 
rtTA construct and the TTAdh construct ("doubk- 
transgenic" flies). This was done by crossing flies of 
stock rtTA(2)Cl to flies of stock 7TAdh(2)A2, which 
yields progeny containing one copy of each construct. A 
sample of these double transgenic flies were fed sucrose 
solution conmning 1.0 mg/ml dox for 48 h, while the 
controls were fed sucrose solution alone. The flies were 
allowed to recover for 3 days, then sectioned using a 



cryostat, and the sections were stained for p-gal activity 
(Fig. 2A). In the treated flies robust p-gal activity 
(blue stain) was detected in all tissues. In the control 
flies, low-level p-gal activity was detected primarily in 
the gut, and thus the system allows dox-induced trans- 
gene expression in all tissues of the adult TThe same 
results were obtained with transgenic flies containing the 
other two reporter constructs, 7T40 and 7TAUG (data 
not shown). 

To determine if the system also works during de- 
velopment, line rtTA(2)Cl was crossed again to re- 
porter line 7TAdh(2)A2, and also to reporter line 
7T40(3)B1, and the larvae from each cross were cul- 
tured on food containing 0.25 mg/ml dox, and bn 
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lA-D Transgenic constructs, Each construct fragment shown is 
ck>ned into the indicated restrictioD sites of the potyHnker of the 
pCaSpeR-4 transformation vector. The assembly of eadi construct is 
d^ciibcd in detail in Materials and methods. Diagrams are not to 
scale. A rtTA. The consdtudve ActinSC promoter and 5' untranslated 
region are fused to the coding sequences for the nTA (reverse 
tetracydine transactivator), whkb is a fusion of the rtR (reverse 
tetracycline repressor) and the transcripticHial activation domain of 
herpes virus protein VP16. The poly(A) signal sequences aic 
from SV40. B TTAdh. Reporter construct consisting of seven tetO 
sequences, the AtSt core promoter, the Ubx 5' untranislated le^on and 
translational initiadon sequence, the E. coH lacZ coding regkm and 
the SV40 p<rfy(A) signal sequences. C 7140. Reporter construct 
consisting of seven tctO sequences, the hsplO core promoter, 5' 
untranslated region and translational initiation sequence, the E ccH 
lacZ coding reg^n and the hsp70 poly(A) ^gnal sequence. D TTAUG. 
Reporter construct con^sting of seven tetO sequences* the h^TO core 
promoter, the Adh 5' untranslated region and translational tnxtiation 
sequence, the E coii lacZ codmg region, and the SV40 poly(A) signal 
sequence 
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Fig, 2A-C Dox-induced transgcne expression detected by an in situ 
p-gal activity assay. A rtTA transgenic line rtTA(2)Cl was crossed to 
reporter line 7TAdh(2)A2. Young adxih progeny were fed with cither 
control sucrose solution \^pe.r panel) or sucrose solution containing 
1.0 mg/ml dox (lower panel) for 48 h, and then allowed to recover for 
3 days. Flies were sectioned on a cryostat^ and stained for ^gal 
activity using the chromogenic substrate X-gal. In the control {upper 
panel), low-level p-gal activity is detected primarily in gut tissues. The 
gut staining indicates some teakiness of expression in the absence of 
dox, as in non-transgenk DrosophUa only very faint gut staining is 
detectable; and only in the abdomen (data not shown, see also 
Wbeder et al. 1995). In dox-treated {lower panel)^ p-gal activity is 
detected in all tissues, with the exception of the central region of the 
indirect flight muscles. AO of the indirect flight muscle tissue stains 
intensely if the staining reaction is allowed to continue for a longer 
period (data not shown). However with longer staining times 
the increased intensity of stain in the other body segments 
obscures the detail of specific tissues, and therefore the results for 
the shorter staining lime are presented. B Progeny from the cross 
rtTA(2)Cl X 7T40(3)B1 were cultured on standard DrosophUa culture 
media (upper larva) or DrosophUa media containing 0^ mg/ml dox 
(lower larva). Whole third4nstar larvae were stained in situ for p-gal 
activity. No p-gal activity was detected in the control tissue larvae 
{upper larvocX or in non-transgenic larvae (data not shown). General 
p-gal activity was detected in the dox treated larvae {lower larvae), 
C Repeat of the experiment in B, using progeny of the croiss 
nTA(2>Cl X 7TAdh(2)A2. P-Gal expression in larvae with this 
reporter was reprodudbly less efi&cient than in the experiment shown 
in B 



control food. As seen in Fig. 2B, C, staining of whole 
third-instar larvae revealed high-level, tissue general 
induction of ^gal activity' with reporter 7T40(3)B1, and 
somewhat lower level, tissue general induction with re- 
porter 7TAdh(2)A2. The dox- fed larvae were also ob- 
served to be slightly smaller than the controls, which 
may be due to a toxic effect of the dox and/or P-gal 
expression during development. 



Characterization of the response 

The induction of P-ga] expression can be quantitated 
by spectrophotonietric assay of P-gal activity in fly ex- 
tracts. This assay was used to optimize the time cotu^ 
of dox treatment. Transactivator line rtTA(2)Cl was 
crossed to reporter line 7TAdh(3)Dl, and the double 
transgenic progeny were treated with 1.0 mg/ml of dox 
for 24 h, 48 h, and 48 h plus varying times of recovery 
without dox. As seen in Fig. 3A, 48 h of treatment plus 
3 days of recovery gave the optimal degree of induction 
(~10-fold). With greater times of recovery, P-gal activity 
decreased, indicating that the induction is reversible 
upon withdrawal of dox. The same result was obtained 
using a different reporter stock, containing the 7T40 
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In transgenic mice the activation by the rlTA trans- 
activator can be quite rapid, with activation by several 
orders of magnitude occurring in the first 4 h, and 
maximum levels of activation being achieved by 24 h 
(Kistner et al. 1996). The timecourse of aclivatiod in 
Drosophila was analyzed in greater detail (Fig, 3 Q, and 
found to be significantly slower. In the progeny of the 
cross rtTA(2)Cl x TrAdh(2)A2, induction of p-gal by 
dox feeding was quantitated at intervals between 4 and 
72 h. Significant activation was not detected until 8- 
20 h, and maxiinal induction required >72 h. Similar 
results were obtained with construct 7TAUG (data- not 
shown). Note that while the level of induction and 
timecourse was similar for the different reporters in 
Fig. 3, they are not identical. This probably reflects 
small differences in the activities of the different reporter 
insertions, as well as the variability inherent in working 
with live adult Drosophila and administration of dox by 
feeding. 

The Drosophila tet-on system was next characterized 
for the dose response to dox (Rg. 4). Double transgenic 
adults (rtTA(2)Cl x TrAdh(2)A2) were fed dox for 48 h 
and allowed to recover for 3 days (Fig. 4, open circles), 
or for 96 h plus a 3-day recovery period (closed circles)- 
For 48-h treatment times, ^gal activity was found to 
increase in response to dox concentrations from 0.01 to 
2 mg/ml. Use of the longer 96-h treatment time allowed 
eqxiivalent levels of P-gal expression with one-tenth as 
much dox. Thus, longer treatment times reduce the 
amount of dox required for effident induction. 

To compare the relative activities of the three differ- 
ent reporter constructs, two independent transgenic lines 
for each reporter were crossed to the rtTA(2)Cl trans-, 
activator line (Fig. 5A). Dox-induced ^gal expression 
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Fig. 3A-C Time course of transgcne induction by dox. A Young 
adult progeny of the cross rtTA(2X^l x 7TAdh(3)Dl were mock 
treated (f^x-; stippled bars), or treated with 1.0 mg/ml dox (Dox+; 
bhck bars) for the indicated thne periods, and aflowcd to recover as 
indicated. Triplicate samples containing three flics each were 
homogeiuzed, and p-g^l activity was quantitated using the spectro- 
photomctric assay. p-Gal activity is expressed in relative units, and the 
aivcragcs +/- SD are presented. B The experiment in A was repeated 
with a difieroit reporter stock, u^g young adult progeny from cross 
rtTA(Z)Cl X 7T40(2)EK C The experiment in A was repeated using 
progeny from cross rlTA(2X^l x 7rAdh(2)A2, and the dmccourse for 
induction was analyzed in greater detail 



construct, Tr40(2)El (Fig. 3B), Thus, both the hsp70 
core promoter and the Adh core promoter can respond 
to activation by the tetO sequences and the rtTA 
transactivator. 
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Fig. 4 Dose response of tiansgene induction by dox. Young adult 
progeny of cross rtTA(2)Cl x TTAdbQ)A2 were fed the indicated 
concentrations of dox for 48 b and allowed to recover for 3 days {open 
cirdes\ or for 96 h plus a 3-day recovery period {dosed circles), ^<jal 
expression was quantitated as in Fig. 3 
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7TAdh(2)A2 7T40(2)E1 7TAUG(2)D 

7TAdh(3)D1 7TA0(3)B1 7TAUG{3)A 
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5A» B Comparison of tiaiiseenic reporter constructs and hnss. 
AD dox ticatn>ent5 vcre for 48 h pkis 3 days recovery. A Assay in 
young aduhs- the indicated reporter fines (R, rcportw aknte) were 
assayed with and without dox treatment, as indicated. Each indicated 
reporter line was also crossed to the rtTA line rtTA(2)Cl, and the 
progeny CR+A, reporter plus activator) were assayed with and 
without dox treatment, as indicated, B Assay in old adults. rtTA tine 
rtTA(2)Cl was crossed to each indicated reporter line; and old adult 
prpg^y were assayed with and without dox treatment, as indicated. 
p-Gal expression was quantitated as in Fig. 3 



P-gal by dox was quantitated (Fig. 6A). The different 
independent rtTA lines were found to vary in activity, 
both with regard to the amount of background ^gal 
activity in the absence of dox, and with regard to the 
maximum level of induction in the presence of dox. 
Transgenic transactivator line rtTA(3)E2 appeared to be 
the best: in the absence of dox, background P-gal levels 
were as low as in flies carrying the reporter construct in 
the absence of any transactivator, and dox treatment 
yielded a 40-fold induction. To confirm this result, each 



was observed with all three constructs, with induction 
factors ranging from 12- to 25- fold. In general, the 7T40 
reporter construct gave higher levels of p-gal expression 
than the other two reporter constructs; however, the 
background expression in the absence of dox was also 
higher. Thus, the induction factor achieved was similar 
for each of the three reporter constructs. 

To determine if the system functions during a^g of 
Drosophila, the activity of each reporter construct was 
also assayed in senescent (30-day-old) flies (Fig 5B). 
Each reporter was found to support dox-induced ^gal 
expression - in senescent flies, with induction factors 
ranging from 8- to 1 5-fold. 

The dox-inducibie system is dependent upon efficient, 
general expression of the transactivator construct, rtTA. 
Because the chromosomal site of insertion of the rtTA 
transgene can affect the level of repression, difierent 
independent rtTA transgenic lines may vary in their 
activity. To compare their activities, each of 13 inde- 
pendent rtTA transgenic lines was crossed to the 
7TAdh(3)Dl reporter, and the efficiency of induction of 



Fig. 6A, B Comparison of different transgenic transactivator (rtTA) 
Hncs, AH dox treatments were for 48 h plus 3 days recovery. A The 
indicated rtTA lines were each crossed to reporter fine 7TAdh(3)Dl. 
The young adult progeny from each cross were assayed without dox 
treatment (Dox-; stippled barsX and with 1.0 mgAul <lox treatment 
(Dox+; black bars\ as iiKlicatcd. Control was the reporter fine 
7rAdh(3)Dl alone, B The experiment in A was repeated using the 
reporter fine 7T40P)E1. ND, not done 
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transaclivator stock was also tested in combination with 
reporter stock 7T40(2)El (Fig. 6B). Again the various 
transactivator lines varied with regard to background 
and maximal level of induction, and their activity rela- 
tive to each other was similar to that observrcd using the 
TTAdh reporter. Line rtTA(3)E2 was again found to 
have the lowest background, and to be the most active, 
yielding lOO^fold induction of p-gal in response to dox. 

One potential use of the dox-inducible system in 
DrosophUa is in the analysis of the efifects of specific 
g^nes on the aging process. Ideally, for such experi- 
ments, the system itself shotJd not have any effect on 
life span. To characterize the system for efifects on life 
. ^pan, several genetic backgrounds were tested for lon- 
gevity, with and without dox feeding. Wild-type flies 
exhibited no negative effects on life span when fed with 
0.1 mg/ml dox (Fig. 7 A). Double transgenic flies 
^ (rtTA(2)Cl X 7TAdh(2)A2) expressed high levels of 
^gal in response to 0.1 ma^ml dox (Fig. 4), and this ex- 
pression also had no detectable negative effects on life- 
span (Hg. 7 A). Finally, a different combination of 
transactivator and reporter were tested. Transactivator 
rtTA(X)Al was crossed to reporter 7TAdh(3)Dl and 
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age-synchronized cohorts of adult flies were treated 
throughout their adult lifespan with no dox, 0.01 mg/ml 
dox, or 1.0 mg/ml dox (Fig. 7B). Treatment with 
1.0 mg/ml dox was found to have a negative affect on 
life span. However, treatment with 0.01 mg/ml dox had 
no detectable affect on life span. The same results were 
obtained with several other combinations of rtTA and 
reporter lines (data not shown). Since 0.01 mg/ml dox 
and 0.1 mg/ml dox aBow high-level induction of p-gal 
(Fig. 4), and have no detectable effect on lifespan 
(Fig. 7), these results suggest that the system should be 
useful for assaying the effects on life span of overex- 
pression of specific genes. 



Kscusskm 

The hybrid transcriptional activator (rtTA) con^sting of 
the rtR fused to the transcriptional activation domain of 
the herpes virus protein VP16 has previously been^ 
shown to be capable of supporting dox-induced tran- 
scription in transgenic mice. The experiments presented 



Fig. 7 A, B Affect of dox-in- 
duced P-gal expression on 
Drosophila adult life spaa. A 
Wild-type Oregon R strain flies 
were treated throughout their 
aduh lifespan either without 
dox {open squares) or with 
O.l mg/ml dox {fitled squares), 
at 25** C Flies were fed or 
mock-fed dox for 2 days, and 
then allowed to recover on 
standard media for 2 days, and 
this regimen was repeated nntil 
all the flies had died. The per- 
centage of flies surviving is 
plotted as a function of time in 
days. The same experiment was 
performed using progeny from 
cross rtTA(2)Cl x TrAdh(2)A2 
grown in the absence of dox 
{open circles) or in the presence 
of 0,1 mg/ml dox {closed cir- 
cles). At least 200 flies were used 
for each of the four survival 
curves. B Progeny from the 
cross rtTApC)Al x 7 
TAdh(3)Dl were grown 
throughout their adult life span 
in the absence of dox {open 
diamonds)y or in the presence of 
0.0 1 mg/ml dox {filled squaresX 
or l.O mg/ml dox {open squar- 
es), at 25* C. The number of 
flics used (n) for each survival 
curve is indicated. The different 
genotypes assayed hi A and B 
vary in life span relative to each 
other, which is not unexpected 
due to the large effects of ge- 
netic baclcground on life span 
(Curtsingcr et al. 1995; Tower 
1996) 
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here demonstrate that this rtTA funcUons in transgenic 
DrosophUa, and can activate transchpuon at both the 
hsp70 and Adh core promoters when they are hnked to 
tetO sequences. Since aU three reporter constructs per- 
formed similarly, the results suggest that in this system 
there is no significant difference in the effectiveness of 
the SV40 poly(A) signal relative to the hsplO poly(A) 
signaL and no sigmficant difference between the effect- 
of the Adh^ hsp70 and Ubx 5' UTR regions. Dox- 
induced transgene expression was detected in all tissues, 
and induction ranged from 10- to 100-fold: Different 
transgenic lines containing the rtTA construct vaned 
considerably in activity. Variation was observed m the 
maximal level of induction achieved, and in the arnount 
of background activity observed in the absence of dox. 
This variation is tikely to be due to chromosomal posi- 
tion effects on the expression of the rtTA transposon, 
and perhaps to other differences in the genetic back- 
ground of the lines. The different transgenic lines of the 
reporter constructs also varied in activity, most proba- 
bly for the same reasons. The maximum degree of in- 
duction that was achieved was 100-fold. This is 
dramatically less than the five orders of magnitude in- 
duction obtained with the let-on system in transgemc 
mice {Kistner et aL 1996). The maximal induction 
achieved in Drosophila is limited by at least two factors: 
First, the reporter constructs are slightly leaky, in that 
variable, low-level P-gal activity is detected even m the 
absence of the rtTA transactivator. Second, the rtTA 
transactivator appears to be partially active even the 
absence of dox treatment, in that reporter plus trans- 
activator was often more active than reporter alone. The 
first problem might be addressed by protecting the re- 
porter constructs from position effects with insulator 
elements (Roseman et al. 1993), and/or by identifying a 
less leaky core promoter. The second problem can be 
mitigated by identifying particular rtTA lines, such as 
rtTA(3)E2, which exhibit less background activation. 
Finally, we hypothesize that the herpes virus YP16 
transcriptional activation domain used to create the 
rtTA transactivator may be better suited to interaction 
with the mammalian transcriptional machinery than 
with the Drosophila transcriptional machinery. This 
possibiUty may also be relevant to the slower time course 
of induction observed in Drosophila, 

E>espite its limitations, this inducible system has 
several potential advantages relative to the use of heal 
shock gene promoters. The dox-indudble system should 
be useful for studying hsps, as it will allow the investi- 
gator to induce the expression of a single hsp, and po- 
tentially inhibit its expression with antisense RNA, 
without indudng the endogenous heat shock response. 
The dox- inducible system also allows the investigator to 
induce a gene of interest at any time during the life cyde. 
This is particularly relevant to study of the aging process 
(Curtsinger et al. 1995; Tower 1996), where it is often 
desirable to alter gene expression specifically in the 
adult. For example, constitutive over-expression of 
Cu/Zn SOD may have bcnefidal effects on Drosophila 



life span but it also appears to have toxic affects dunng 
pupal devdopment (Reveillaud et al. 1991). Uang the 
dox-indudble system it should be possible to avoid toxic 
effects during devdopment and cause over-expression of 
transgenes spcdficaUy in the adult where benefidal ef- 
fects on life span may be more apparent. 

The dox-indudble s^tem should be readily adaptable 
to tissue-spedfic inducUon. Replacement of the consti- 
tutive ActinSC promoter in the transactivator construct 
rtTA wth a tissue-specific promoter should provide 
tissue-specific expression of the rtTA transactivator and 
thus tissue-spwnfic induction of the reporter. An elegant 
system for tissue-specific exprcsaon of the yeast GAL4 
transactivator has been developed for Drosophila (Brand 
and Perrimon 1993; Brand and Dormand 1995). In this 
case tissue-specific expresdon of the G AL4 transactiva- 
tor is driven by an "enhancer-trap" system: tixe trans- 
activator is under tiie control of a weak transcnptional 
promoter which can become activated m a tissue- and 
tempor^l-spedfic manner when the P clement mscrts 
near transcriptional enhancer sequences in the chromo- 
some. The large variety of tissue- and temporal-specific 
GAL4 transactivator expression patterns generated Aus 
allows tissue- and temporal-spedfic expreswon of *'re- 
porter" type constructs contaimng GAL4 binfing sites 
in their promoters. This system could be adapted to 
drive expression of the rtTA transactivator, flius creat- 
ing a large variety of tissue-spedfic expression patterns 
indudble by dox. 

Finally, it may be possible to create dox-dependent 
mutations in Drosophila, P element constructs with 
transcriptional promoters <firected out of Uie end of the 
P element can cause over-expresdon and/or mis- 
expression of genes near the site of insertion, sometimes 
causing dominant mutations (Rorth 1996; Hay et al. 
1997). Creation of a P element with a dox-indudble 
promoter directed out of the P element into flanking 
DNA sequences should sometimes cause dox-induced 
over-expression of a gene near the insertion site. This 
method should thus yield conditional (dox-dependent), 
dominant, gain-of-function mutations which would be 
useful for many types of genetic analyses; such experi- 
ments are now imderway. 

Acknowledgements Wc thank Hcnnann Bujard for providing 
consmicts. J.CW. was siq)portcd by a prc-doctoral trainmg 
grant from the National Institute on Aging (AG00093X^ Tte 
work was supported by a grant from the Department of Hcaltb 
and Human Services. National histitute on Aging to J.T. 
(AGn644) 



References 



Ashbumcr M (1989) Drosophila: a laboratory handbook. Cold 
Spring Harbor Laboratory Press, CoW Spring Harbor, New 
York 

Brand AH, Perrimon N (1993) Targeted gene expression as a 
means of ahcring cell fates and generating dominant pheno- 
types. Development 118:401-415 



579 



noBrand AH. Dormand EL (1995) The GAL4 system as a tool for 
hS unravelling the mysteries of the DrosophUa nervous system. 
-J Curr OfHn NeuroWol 5:572-578 

"^Curtstnger JW, Fukui HH, Khazadi AA. Kiiscbcr A. Pletcher SD. 
of Promislow DEL, Tatar M (1995) Genetic variation m aging. 
Annu Rev Genet 29--553-575 
•-Furth PA, Onge IS, Bo^ H, Gruss P. Gosscn M, Kistncr A, 
, ■ Bujard H, Hcrmighauscn L (1994) Temporal control of gene 
. otpresaon ii& transgenic mice by a telracyclinc-responsivc pro- 
^ moter.Proc Natl Ai^dSd USA 91:9302-9306 
tct Gossen M, Bujard H (1992) Hgbt omtrol of gene expression in 



de 
Ki 
nt 
A 
k1 
ds 
a- 

ai: 

id: 

IS 

JS 

o 
t- 

ts 

It 
h 
e 



mammalian cells by ictracydine-responsive prwnoters. Proc 
NaU Acad Set USA 89:5547-5551. 
Gossen M, Frcundl5d> S. Bender G, Mullcr G, Hillcn W. Bujard H 
(1995) Transcriptioi^l activation by tetracyclines in mammab- 
as CCDs. Science 268:1776-1769 
Hay BA. Maflc R, Rubin G (1997) P element insertion-<Jepcndcnt 
gene activation in the DrosophUa eye. Proc Nail Acad Sd USA 
94:5195-5200 

Irvine KD, HeKand SL, Hogness DS (1991) The large upstream 
contrt^ le^on of the Drosophila homcotic gene Vhrabithorax, 
Development 111:407-424 

Kistikcr A. Gossen M, ammennaiin Jcrccic J, yilmer C. Lub- 
bcrt H» Bujiatd H (1996) DoxycycKne-me<fiatcd quantitative 
and tissue-specific control of gene expression in transgenic mice. 
Proc Natl Acad Sd USA 93:10933-10938 

Kocfle MR. Talbot WS, Segraves WA, Bender MT, Cherbas P, 
Hogness DS (1991) The DrosophUa EcR gene encodes an 
ccdysone receptor, a new member of the steroid receptor su- 
perfaxmly. Cell €rJ:59-77 
Ltndqmst S (1986) The heat-shock response. Annu Rev Biochem 
55:1151-1191 

Lis rr, Smon JA, Sutton CA (19S3) New beat shock puffs 
and p-galactosidase activity resulting from transformation 
of Drosophila with an hspyO-lacZ hybrid gene. Cell 35:403- 
410 

Otto E. Allra JM, Young JE, PaUnitcr RD, Moroni G (1987) A 
DNA segment controlting mctal-regubted expression of the 
DrosophUa melartogaster metallothionciu gene Mtn, Mo! Cell 
Biol 7:1710-1715 



Petersen R. Undquist S (I9HH) The Drosophila hsplO message is 
rapidly degraded at normal temperatures and stabilized by beat 
shock. Gene 72:161-168 .,or*.v c 

Rcveillaud I, Niedzwiccki A, Bcnsch ICG, Fleming JE (1991) Ex- 
pression of bovine superoxide dismutase in Drosophila mcla^ 
fiogaster augments resistance to oxidative stress. Mol CeU Biol 
11:632-640 . ' .... 

Rorth P (1996) A modular miscxprcssion screen m Drosophiia^ 
tecting tissue-spcdfic phcnolypcs. Proc Natl Acad Sci USA 
93:12418-12422 _ ^„ ^ 

Rosemah RR, Pirrotta V, Geyer PK (1993) The su(Hw) protcm 
insulates expression of the DrosophUa melanogaster white geoe 
from diromosomal portion effects. EMBO J 12:435-442 
Rubin GM, Spradling AC (1982) Genetic transformation of Dros- 
ophUa with transposaWe element vectors. Science 218:348-353; 
Shockett P, DifiHppantonio M, Hellman K Scbztz DG (1995) A 
modified tetrac^inc-rcgulaled system provides autorcgulatory, 
indudbie gene expression in cultured oelk and transgenic mice. 
Pioc Natl Acad Sci USA 92:6522-6526 
Simon JA. Lis JT (1987) A gcnnline transformation analysts re- 
veals flexibility in the orr««iizati6n of heat shock consensus el- 
ements. Nucleic Adds Res 1 5:297 1-2988 
Shnon JA, Sutton CA, Lobcll RB, Glaser RL, Lis JT (1985) Pe; 
terminants of heal shock-induced chromosome puffing. Cell 
40:805-817 . . ^ 

Solomon JM, Rossi JM, Golic IC, McGarry T. Lindquist S (1991) 
Changes in hsp70 alter ihcrmotolerance and heat-shock regu- 
lation ni/>ra«?/>Ai/fl. New Biolo^ 3:1106-1120 ; 
Struhl G, Basler K (1993) Organiririg activity of wingless protdn m 

DrosophUa, CeU 72:527-540 
Thummcl CS, Hrotta V (1992) New pCaSpeR P clement vectors. 

Drosophila Inf Serv 71:150 
Thuinmel CS, Boulet AM, Lipshitz HD (1988) Vectors for Dros- 
ophUa P-cIcmcnt-mediaied transformation and tissue culture, 
transfection. Gene 74:445-456 
Tower J (1996) Aging mechanisms in fruit flies, Bioessays 18:799- 
807 

Wheeler JC, Bieschke ET, Tower J (1995) Musde-spcafic express 
sion of DrosophUa hsp70 in response to aging and oxidative 
stress. Proc NaU Acad Sd USA 92:10408-10412 



TOTAL PAGE. 11 ** 



This Page is Inserted by IFW Indexing and Scanning 
Operations and is not part of the Official Record 

BEST AVAILABLiE IMAGES 

Defective images within this document are accurate representations of the original 
documents submitted by the applicant. 

Defects in the images include but are not limited to the items checked: 

□ BLACK BORDERS 

□ IMAGE CUT OFF AT TOP, BOTTOM OR SIDES 

□ FADED TEXT OR DRAWING 

□ BLURRED OR ILLEGIBLE TEXT OR DRAWING 

□ SKEWED/SLANTED IMAGES 

□ COLOR OR BLACK AND WHITE PHOTOGRAPHS 

□ GRAY SCALE DOCUMENTS 

□ LINES OR MARKS ON ORIGINAL DOCUMENT 

□ REFERENCE(S) OR EXHIBIT(S) SUBMITTED ARE POOR QUALITY 

□ OTHER: 

IMAGES ARE BEST AVAILABLE COPY. 
As rescanning these documents will not correct the image 
problems checked, please do not report these problems to 
the IFW Image Problem Mailbox. 



